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a  b  s  t  r  a  c  t
In many  crops  species,  the  development  of  a rapid  and  precise  cultivar  discrimination  system  has  been
required  for  plant  breeding  and  patent  protection  of  plant  cultivars  and  agricultural  products.  Here,  we
successfully  evaluated  strawberry  cultivars  via  a novel  method,  namely,  the  single  tag  hybridization  (STH)
chromatographic  printed  array  strip (PAS)  using  the  PCR  products  of  eight  genomic  regions.  In  a  previ-
ous  study,  we  showed  that  genotyping  of  eight  genomic  regions  derived  from  FaRE1  retrotransposon
insertion  site  enabled  to  discriminate  32  strawberry  cultivars  precisely,  however,  this  method  required
agarose/acrylamide  gel  electrophoresis,  thus  has the  difﬁculty  for practical  application.  In  contrast,  novel
DNA detection  method  in this  study  has  some  great  advantages  over  standard  DNA  detection  methods,
including  agarose/acrylamide  gel  electrophoresis,  because  it produces  signals  for  DNA  detection  with
dramatically  higher  sensitivity  in  a shorter  time  without  any  preparation  or staining  of a gel. Moreover,etrotransposon this  method  enables  the  visualization  of  multiplex  signals  simultaneously  in  a single  reaction  using  sev-
eral  independent  ampliﬁcation  products.  We  expect  that  this  novel  method  will  become  a rapid  and
convenient  cultivar  screening  assay  for  practical  purposes,  and  will  be  widely  applied  to various  situa-
tions,  including  laboratory  research,  and  on-site  inspection  of  plant  cultivars  and  agricultural  products.
© 2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY-NC-SA. Introduction
The cultivated strawberry (Fragaria × ananassa, 2n = 8× = 56) is
ne of the most economically important fruit crops in the world.
ts global production in 2009 was estimated to be over 4.1 million
ons (Food and Agriculture Organization of the United Nations;
ttp://faostat3.fao.org/). Breeding programs of cultivated straw-
erry are conducted in many countries to improve fruit quality
nd yield, and to achieve extended storage capability and disease
esistance. In Japan, over 30 national and/or prefectural agricul-
ural research centers are carrying out strawberry cultivarbreeding,
Abbreviations: STH, single tag hybridization; PAS, printed array strip.
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which has led to the creation of many popular Japanese culti-
vars, such as Amaou, Sagahonoka, and Hinoshizuku. These Japanese
strawberry cultivars have been highly improved, which indicates
that they have high productivity, earliness, and high fruit qual-
ity, including an extended shelf life. Thus, a precise and effective
cultivar discrimination system is required to protect the plant pro-
prietary right of those superior cultivars. However, discrimination
based on morphological traits is affected by the environmental
and/or growth conditions, and is restricted during the developmen-
tal stage (Nielsen and Lovell, 2000). Moreover, if the cultivars are
closely related, it is extremely difﬁcult to distinguish them based
on morphological traits. Therefore, molecular markers have been
developed based on the methods of randomly ampliﬁed polymor-
phic DNA (RAPD), ampliﬁed fragment length polymorphism (AFLP),
simple sequence repeat (SSR), and cleaved ampliﬁed polymorphic
sequences (CAPS), which enable precise cultivar discrimination at
any developmental stage (Arnau et al., 2001; Congiu et al., 2000;
Hancock et al., 1994; Kunihisa et al., 2003, 2005; Nehra et al.,
1991; Tyrka et al., 2002). However, it remains difﬁcult to apply
these methods to on-site inspection, for the following reasons: it
der the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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out using PrimeSTAR GXL Taq Polymerase (Takara Bio, Ohtsu,
Japan) with IPC200f and IPC200r primer combinations (Table 1)8 Y. Monden et al. / Journal of
s impossible to perform cultivar discrimination within mixed and
rocessed products, some experimental instruments are required
or agarose/acrylamide gel electrophoresis, and the preparation
nd staining of a gel requires several hours.
Retrotransposons are ubiquitous and abundant components in
irtually all known eukaryotic genomes (Feschotte et al., 2002;
eschotte and Pritham, 2007; Huang et al., 2012; Kumar and
ennetzen, 1999; Levin and Moran, 2011; Wessler, 2006). In higher
lants, they usually constitute more than half of the whole genomic
NA (Bento et al., 2013; Paterson et al., 2009; Schnable et al., 2009;
enaillon et al., 2010). They amplify the number of their copies
hrough reverse transcription of their RNA and integration of the
esulting cDNAs into new genomic loci based on the “copy-and-
aste” transposition mechanism (Kumar and Bennetzen, 1999).
ecause of their ubiquitous distribution, high copy number, and
iverse dispersion within the genome, their insertion polymor-
hisms among cultivars have been used as molecular markers in
hylogenetic analyses, in the construction of linkage maps, and in
enetic diversity studies (Flavell et al., 1998; Kalendar et al., 1999,
011; Konovalov et al., 2010; Kumar and Hirochika, 2001; Nasri
t al., 2013; Poczai et al., 2013; Smy´kal et al., 2011; Syed et al.,
005). Moreover, the uniqueness of the newly integrated insertion
ites has an excellent potential for the development of multiplex
NA-based marker systems that can be used to achieve cultivar
iscrimination. In fact, our recent research showed retrotranspo-
on based DNA markers were useful for cultivar discrimination in
everal crop species, including wheat (Triticum aestivum) and sweet
otato (Ipomoea batatas) (Takai and Tahara, 2011; Monden et al.,
014).
In a previous research, we successfully identiﬁed eight genomic
nsertion sites of the FaRE1 retrotransposon that were used to dis-
riminate 32 strawberry cultivars after screening their insertion
ites comprehensively (Akitake et al., 2013). FaRE1 has been identi-
ed as an active retrotransposon family (He et al., 2010; Melnikova
t al., 2012) and shows high insertion polymorphisms even among
apanese strawberry cultivars, which are known to be genetically
losely related (Akitake et al., 2013). We  applied sequence-speciﬁc
mpliﬁed polymorphism (S-SAP) method to investigate FaRE1
nsertion polymorphism among 32 cultivars. This method ampli-
es speciﬁcally the DNA fragments between a retrotransposon
nd and its adjacent restriction enzyme cutting site, and visual-
zes multiple bands through agarose/acrylamide electrophoresis
Konovalov et al., 2010; Lou and Chen, 2007; Melnikova et al.,
012; Petit et al., 2010; Syed et al., 2005; Waugh et al., 1997).
fter a number of DNA fragments derived from FaRE1 insertion
ites were cloned and sequenced, we extracted eight insertion
ites by considering combinations of their polymorphisms for
iscriminating 32 strawberry cultivars. It was shown that the
mpliﬁcation of these eight insertion sites allowed the precise and
apid screening of strawberry cultivars (Akitake et al., 2013). How-
ver, this method also required agarose/acrylamide electrophoresis
or signal detection, which has the difﬁculty in achieving on-site
nspection.
In this study, we developed a novel cultivar discrimination
ystem using the single tag hybridization (STH) chromatographic
rinted array strip (PAS) method, which affords the visualization
f multiplex DNA signals in a single reaction with great sensi-
ivity and in a dramatically short time. Moreover, it does not
equire the preparation or staining of a gel. The results of this
tudy showed that we successfully evaluated strawberry culti-
ars based on the multiplex DNA signals that were derived from
he amplicons of the FaRE1 retrotransposon and visualized using
TH chromatographic PAS. Thus, we expect that this method will
acilitate rapid, efﬁcient, and highly reliable cultivar discrimi-
ation in on-site inspection of plant materials and agricultural
roducts.hnology 185 (2014) 57–62
2. Materials and methods
2.1. Development of DNA markers for strawberry cultivar
discrimination
This research was conducted based on the information provided
from a previous research, which developed eight DNA markers for
discriminating 32 strawberry cultivars (Akitake et al., 2013). Thus,
we brieﬂy described the contents of this previous research. In the
previous research, 32 strawberry cultivars and its wild species (Fra-
garia vesca) were used (Supplementary Table 1). First, genomic
DNA was  extracted from young leaves using the DNeasy Plant
mini kit (QIAGEN) following the manufacturer’s protocol. After
genomic DNA was digested with AseI or RsaI restriction enzyme
(New England Biolabs Japan, Inc), forked adaptors were ligated to
the digested DNA. The forked adapters were prepared by annealing
two DNA oligomers: FA AseI and FA cmpl for AseI, and FA RsaI and
FA cmpl for RsaI. PCR primers were designed based on the sequence
information of FaRE1. We  performed primary PCR with an adapter-
speciﬁc (AP2) and FaRE1-speciﬁc (FaRE1 PBS) primer combination
for AseI digested DNA fragments, and also performed that with
an AP2 and FaRE1-speciﬁc (FaRE1 LTR150 Up) primer combination
for RsaI digested DNA fragments. Then, nested PCR was  performed
with an adapter-speciﬁc (AP3) and FaRE1-speciﬁc (FaRE1 LTR End)
primer set using the initial PCR products as the template. The PCR
comprised an initial denaturation at 94 ◦C for 2 min, which was fol-
lowed by 30 cycles at 94 ◦C for 60 s, 75 ◦C for 60 s (this step was
added for the ampliﬁcation of RsaI digested DNA fragment), 58 ◦C
for 90 s and 72 ◦C for 90 s, with a ﬁnal extension at 72 ◦C for 5 min.
PCR products were loaded on an ABI3730xl DNA Analyzer (Applied
Biosystems) for DNA fragment analyses after the puriﬁcation with
QIA quick PCR puriﬁcation kit (QIAGEN). GeneMapper software
(Applied Biosystems) was  used for the visualization of DNA frag-
ment peaks. In addition, PCR products were cloned with TOPO
TA cloning kit (Invitrogen), and 446 colonies were screened and
sequenced. Sequences were analyzed and aligned using BLAST and
ClustalW program (Larkin et al., 2007), and the sequences of 124
different FaRE1 insertion sites were obtained. Out of these sites, we
selected eight insertion sites (Grp. 18, 41, 57, 59, 61, 65, 76 and 110)
based on the combinations of their polymorphisms among 32 cul-
tivars. The primer and adapter sequences in the previous research
are listed in Supplementary Table 2.
Supplementary tables related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jbiotec.2014.06.013.
2.2. Sample preparation
We  used eight strawberry cultivars (Akihime, Nyoho, Amaou,
Hokowase, Benihoppe, Asuka Ruby, Red Pearl, and Kotoka) in this
research. The plants of strawberry cultivars were obtained from the
Tochigi Prefectural Agricultural Experiment Station and Fukuoka
Agricultural Research Center. Genomic DNA was extracted from
young leaves using the DNeasy plant mini kit (QIAGEN), according
to the manufacturer’s protocol.
2.3. PCR and signal detection by agarose gel electrophoresis
In this research, PCR was  performed by amplifying the internal
positive control (IPC) sequence and eight FaRE1 insertion sites.
The IPC sequence was  introduced into a pArt1 vector, which
was used for the control PCR (Supplementary Fig. 1) (Mano
et al., 2011). The PCR ampliﬁcation for IPC sequence was carriedand the pArt1 vector as a template, and that for eight insertion
sites was  carried out using the KAPA2G Fast Mutiplex PCR kit
Y. Monden et al. / Journal of Biotec
Table  1
Sequences of the primers used in this study.
Primer name Primer sequence
IPC200f CTAGGGAATGACGGCAGGATAG
IPC200r CGCACGTATACATATGGAGTCAGC
GrpR primer CTTAATTTCCAAATCATATCAACGAGCCAAAACAC
Grp18 primer CCTGGTTGGCAACATGATGTAAC
Grp41 primer CACCAAAACCAACAACTCATACC
Grp57 primer CAACTTCCACTCTTCGATCCAG
Grp59 primer CAATGAGGACCTTGCAATGTAAGC
Grp61 primer GACCATGTCAAAATGACCGTTCAG
Grp65 primer GGTGGAGTCCTGTCCAAATAG
Grp76 primer GTATTCCTCCAGTTCCGACCA
Grp110 primer CACATGAGGCACTGGACTTAACG
C-PAS4 IPC200f [A1]-[Spacer]-CTAGGGAATGACGGCAGGATAG
C-PAS4 IPC200r Bi [Biotin]-CGCACGTATACATATGGAGTCAGC
C-PAS4 IPC100f 1 [A1]-[Spacer]-CCGAGCTTACAAGGCAGGTT
C-PAS4 IPC100r Bi [Biotin]-TGGCTCGTACACCAGCATACTAG
C-PAS4 GrpR Bi [Biotin]-CTTAATTTCCAAATCATATCAACGAGCCAAAACAC
C-PAS4 Grp18 2 [A2]-[Spacer]-CCTGGTTGGCAACATGATGTAAC
C-PAS4 Grp41 3 [A3]-[Spacer]-CACCAAAACCAACAACTCATACC
C-PAS4 Grp57 3 [A3]-[Spacer]-CAACTTCCACTCTTCGATCCAG
C-PAS4 Grp59 4 [A4]-[Spacer]-CAATGAGGACCTTGCAATGTAAGC
C-PAS4 Grp61 2 [A2]-[Spacer]-GACCATGTCAAAATGACCGTTCAG
C-PAS4 Grp65 4 [A4]-[Spacer]-GGTGGAGTCCTGTCCAAATAG
C-PAS4 Grp76 4 [A4]-[Spacer]-GTATTCCTCCAGTTCCGACCA
C-PAS4 Grp110 3 [A3]-[Spacer]-CACATGAGGCACTGGACTTAACG
[A1], [A2], [A3] and [A4] represent the tag sequences. [Spacer] represents the single-
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uct was puriﬁed from the agarose gel. After preparing various
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wtranded non-public sequence.
Kapa Biosystems, Inc, Boston, MA,  USA) with FaRE1
etrotransposon-speciﬁc (GrpR primer) and insertion site-speciﬁc
Grp18 , Grp41 , Grp57 , Grp59 , Grp61 , Grp65 , Grp76 , or
rp110 ) primer combinations using the genomic DNA as the tem-
late. The PCR for IPC sequence comprised an initial denaturation
t 98 ◦C for 30 s, which was followed by 35 cycles at 98 ◦C for 10 s,
9 ◦C for 15 s, and 72 ◦C for 10 s, with a ﬁnal extension at 72 ◦C
or 2 min. The PCR for eight insertion sites comprised an initial
enaturation at 95 ◦C for 2 min, which was followed by 35 cycles at
5 ◦C for 15 s, 59 ◦C for 20 s, and 72 ◦C for 12 s, with a ﬁnal extension
t 72 ◦C for 30 s. The control PCR products were puriﬁed with the
astGene Gel/PCR Extraction kit (NIPPON Genetics Co, Ltd) and
uantiﬁed with a Qubit 2.0 Fluorometer (Invitrogen) for sensitivity
nvestigation. PCR products were resolved by electrophoresis on
 3% or 5% agarose gel and stained with GelRed (Biotium Inc.,
ayward, CA, USA). The sequences of the primers used are shown
n Table 1.
Supplementary ﬁgure related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.jbiotec.2014.06.013.
ig. 1. Procedure used for signal detection via the STH chromatographic PAS method. (1
rimers with a tag-spacer sequence and biotin-labeled primers. Red line, tag sequence; gr
ingle  tag hybridization (STH). The complementary oligonucleotides of the tag sequence 
ybridization between the tag sequence of the PCR product and the membrane. (For inte
eb  version of the article.)hnology 185 (2014) 57–62 59
2.4. PCR and signal detection by STH chromatographic PAS
For ampliﬁcation of the PCR products detected by STH chro-
matographic PAS, PCR primers containing the single-stranded
tag and spacer sequences were used (indicated as C-PAS4 *
primers in Table 1). The PCR ampliﬁcation for IPC sequence
was performed with C-PAS4 IPC100f 1 and C-PAS4 IPC100r Bi
or C-PAS4 IPC200f and C-PAS4 IPC200r Bi primer com-
binations, and that for eight FaRE1 insertion sites was
performed with FaRE1 retrotransposon-speciﬁc (C-PAS4 GrpR Bi)
and insertion site-speciﬁc (C-PAS4 Grp18 2, C-PAS4 Grp
41 3, C-PAS4 Grp57 3, C-PAS4 Grp59 4, C-PAS4 Grp61 2,
C-PAS4 Grp65 4, C-PAS4 Grp76 4, or C-PAS4 Grp110 3) primer
combinations. The genomic templates and PCR conditions were
same as agarose gel electrophoresis (2.3). PCR products with a
tag-spacer sequence for STH were mixed with the dye and devel-
oping solution (Tohoku Bio-Array, TBA) (Fig. 1). Subsequently, the
C-PAS4 membrane stick (Tohoku Bio-Array, TBA) was dipped into
this developing solution for 15 min. The sequences of the primers
used are also shown in Table 1.
3. Results and discussion
3.1. Description and the sensitivity of the STH chromatographic
PAS method
To amplify the PCR products detected by STH chromato-
graphic PAS, PCR primers containing the single-stranded tag and
spacer sequences were used (Fig. 1 and Table 1). Preliminarily,
the single-stranded complementary oligonucleotides of the tag
sequence were blotted onto the C-PAS membrane, which led to
their hybridization with the tag sequence of the PCR products
(Fig. 1). This STH reaction did not require heat-based denatur-
ation. In addition, the PCR products did not have to be stained
with a ﬂuorescent dye reagent, such as ethidium bromide, and the
chromatography developing reaction required 5–15 min. Thus, this
method enabled the detection of the signals at room temperature
and in a short time. In addition, the C-PAS membrane allowed the
visualization of the eight signals simultaneously in a single reaction.
Moreover, we  compared the sensitivity of signal detection
between STH chromatographic PAS and agarose gel electrophore-
sis. The PCR product was  ampliﬁed based on the internal positive
control (IPC) sequence, which was inserted into the pArt1 vectorconcentrations (0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 10, 25, and 50 nM)  of
this puriﬁed product (Fig. 2), their signals were detected using an
) Preparation of total genomic DNA. (2) PCR ampliﬁcation using combinations of
ay line, spacer sequence; and green line: primer. (3) DNA signal detection based on
(blue line) were preliminarily printed on the membrane, which executes single tag
rpretation of the references to color in ﬁgure legend, the reader is referred to the
60 Y. Monden et al. / Journal of Biotechnology 185 (2014) 57–62
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Hig. 2. Comparison of the sensitivity of signal detection between STH chromatograp
etect  even 0.25 nM of IPC PCR products (A). In contrast, the minimum quantity det
f  C-PAS4 was 10 times higher than that of agarose gel. IPC, internal positive contro
garose gel electrophoresis and STH chromatographic PAS (Fig. 2).
e found that the minimum amount of the PCR product detectabley agarose gel electrophoresis was 2.5 nM,  whereas that detected
y chromatography PAS (C-PAS) was 0.25 nM (Fig. 2). This indicated
hat the sensitivity of the C-PAS was 10 times greater than that of
garose gel electrophoresis. Thus, the STH chromatographic PAS
ig. 3. Results of multiplex PCR on agarose gel. The PCR products were resolved on
 5% agarose gel in 1× TAE buffer. The sizes of PCR amplicons (Grp. 18, 41, 57, 59, 61,
5,  76, and 110) are shown in Table 2. The banding pattern in this ﬁgure corresponds
o  the results shown in Table 2. C, control DNA; 1, Akihime; 2, Nyoho; 3, Amaou; 4,
okowase; 5, Benihoppe; 6, Asuka Ruby; 7, Red Pearl; 8, Kotoka; and M:  All Purpose
i-Lo DNA Marker (Bionexus).AS and agarose gel electrophoresis. The use of the C-PAS4 membrane allowed us to
e on agarose gel was 2.5 nM of IPC PCR products (B). Thus, the detectable sensitivity
method has an extremely high sensitivity regarding signal detec-
tion.
3.2. Multiplex PCR assay on agarose gel electrophoresis and
cultivar discrimination using the STH chromatographic PAS
method
To evaluate the STH chromatographic PAS method for straw-
berry cultivar discrimination, we focused on the eight genomic loci
(Grp. 18, 41, 57, 59, 61, 65, 76, and 110) derived from the inser-
tion sites of the FaRE1 retrotransposon (Akitake et al., 2013). It was
shown that the combinations of these insertion sites discriminate
these strawberry cultivars precisely (Table 2). Thus, we  performed
Table 2
Results of the genotyping of FaRE1 insertion sites among strawberry cultivars.
Product size (bp) Amplicon name 
Strawberr y cultivars 
1 2 3 4 5 6 7 8
195 Grp. 57 
162 Grp. 61 
142 Grp. 65 
128 Grp. 59 
119 Grp. 76 
100 Grp. 110 
85 Grp. 18 
74 Grp. 41 
Note: white cells, no product; blue cells, the presence of a product. 1, Akihime; 2,
Nyoho; 3, Amaou; 4, Hokowase; 5, Benihoppe; 6, Asuka; 7, Red Pearl; 8, Kotoka.
Y. Monden et al. / Journal of Biotechnology 185 (2014) 57–62 61
F ). The red line indicates the positional marker. [A-1], [A-2], [A-3] and [A-4] represent the
t 41, 57, 59, 61, 65, 76, and 110) used for strawberry cultivar discrimination.
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Table 3
Comparison of C-PAS with agarose gel electrophoresis.
Content C-PAS Agarose gel
electrophoresis
Operating time 15 min  2 ha
Minimum detectable
quantity
0.63 nM 2.5 nM
Need to consider the
size of PCR products
No Yes (in the case
of mutiplex
several independent PCR products of any size simultaneously. In
contrast, the detection of the signals derived from these ampli-ig. 4. STH chromatographic assay showing the procedures used in this method (A
ag.  IPC, internal positive control product. (B) Signal of the PCR amplicons (Grp. 18, 
ultiplex PCR (Markoulatos et al., 2002) to amplify the products
hat were derived from these eight insertion sites simultaneously,
nd visualized the signals on agarose gel electrophoresis prior to the
TH chromatographic PAS method. Fig. 3 shows the exact banding
attern of the PCR amplicons of all cultivars, as expected (Table 2).
hus, it was shown that the simultaneous detection of these eight
roducts allows the precise discrimination of these strawberry cul-
ivars.
Next, we detected the signals of the PCR products derived
rom these eight insertion sites (Grp. 18, 41, 57, 59, 61, 65, 76,
nd 110) using the STH chromatographic PAS method. This time,
e used the C-PAS4 membrane, which allows the visualization
f the four signals simultaneously (Fig. 4A). The combination
f the PCR products and the tag sequences on three types of
-PAS4 (C-PAS4-1, -2, and -3) is shown in Fig. 4B (the IPC prod-
ct containing the [A-1] tag sequence was used as a control). In
ddition, other PCR products were combined with three types
[A-2], [A-3], and [A-4]) of tag sequences (Fig. 4B). Fig. 4A shows
he practical procedure used to perform the STH chromatographic
AS method. First, the PCR products, the dye, and the develop-
ng solution were mixed. Subsequently, the C-PAS4 membrane
as placed in this solution for 15 min  and the signals were
etected as shown in Fig. 4B. The signal pattern of all samples
as fully consistent with the results of the multiplex PCR assay
Fig. 3).for signal detection PCR)
a This time includes the preparation and the staining of the gel.
4. Conclusions
In this study, we  used the STH chromatographic PAS method
for strawberry cultivar discrimination. This novel signal detection
method has several advantages over traditional methods, such as
agarose gel electrophoresis, because it enables the detection of sig-
nals with dramatically high sensitivity and in a short time without
any preparation or staining of gels (Fig. 2 and Table 3). Moreover,
this method can be used to visualize several signals derived fromcons on an agarose gel requires caution regarding size, to achieve
sufﬁcient resolution of these multiplex PCR amplicons; moreover,
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mplicons of the same size cannot be resolved (Table 3). In the
ase of STH chromatographic PAS, however, several independent
CR amplicons with the same size can be distinguished precisely
Table 3). Importantly, this multiplex signal detection suggests
hat we might discriminate crop cultivars within the mixed and
rocessed products precisely by using cultivar-speciﬁc DNA frag-
ents. Furthermore, this method does not require experimental
nstrumentation, which means that this novel method is quite valu-
ble for application not only to laboratory research, but also to
n-site inspection of plant cultivars and agricultural products.
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